Clinical Vignette
A 28-year-old man with mild dyspnea on exertion presents for evaluation. He has a history of subaortic stenosis (SAS), bicuspid aortic valve (BAV), and coarctation of the aorta (CoA; Figure 1 ). He underwent repair of his CoA as a neonate with patch aortoplasty. At age 9, he was discovered to have SAS and had surgical resection of a subaortic membrane ( Figure 2 ). His primary care provider referred him for evaluation after noting arterial hypertension and hearing a to-and-fro murmur on examination. Blood pressures suggested a recurrent coarctation with a 40 mm Hg gradient between the right arm and right leg. An echocardiogram demonstrated severe aortic regurgitation (AR; Figure 3 ) and recurrent SAS with a mean gradient of 31 mm Hg across the left ventricular outflow tract (LVOT). Cardiac magnetic resonance (CMR) confirmed recurrent CoA and estimated the aortic regurgitation fraction to be 30% (Figures 4 and 5) . The patient underwent stenting of his CoA ( Figure 6 ). Evaluation 6 months later revealed a mean gradient of 42 mm Hg across the LVOT with unchanged AR. Consequently, the patient underwent surgical aortic valve (AoV) replacement and SAS resection.
This case illustrates some of the issues encountered when caring for patients with left heart obstruction (LHO) after intervention in childhood. First, surgical repair is not curative, and long-term sequelae are typical. Second, there may be multiple lesions that require evaluation and management. In this case, the patient was hypertensive, suggesting recoarctation. The diastolic murmur prompted investigation for aortic insufficiency. SAS frequently recurs. Understanding the anatomic abnormalities and the hemodynamic consequence of the encountered lesions is necessary, and imaging provides the underpinnings of that assessment.
Echocardiography has long been the standard initial diagnostic tool. Computed tomography (CT) and CMR provide additional value. This article reviews the key imaging applications in the evaluation of LHO.
Congenital Aortic Stenosis Background
Morphologically and developmentally, there is a continuum between a nonobstructive BAV and hypoplastic left heart syndrome with a common genetic background. 1 Because of the high prevalence of ≤2%, BAV may cause more morbidity and mortality than all other types of congenital heart disease combined.
Chest X-Ray
In isolated aortic stenosis (AS), the chest radiograph is often normal. Patients with LV hypertrophy may show a rounded cardiac silhouette at the apex on the anteroposterior projection. Left atrial enlargement and pulmonary edema are rare and indicate severe obstruction or concomitant mitral valve stenosis.
Echocardiography
Transthoracic echocardiography (TTE) continues to be the primary imaging modality for the diagnosis and follow-up of congenital AS, not only because of its wide availability, affordability, lack of known adverse effects, but also owing to the wealth of information it provides (Table 1) . Echocardiography has excellent blood tissue contrast, temporal, and spatial resolution. The LVOT diameter is typically measured on the parasternal long-axis view. This view also demonstrates tethering and doming of the aortic valve and any significant sub-or supravalvar obstruction. A parasternal short-axis view illustrates the morphology of the valve, including the number of leaflets. A functional BAV with a raphe refers to a commissure which is completely or partially fused but still visible. These valves can falsely appear normal during diastole.
When evaluating AS severity, it is critical to measure transvalvular velocities by continuous-wave Doppler from several different angles (apical, right parasternal, and suprasternal notch) to estimate the peak instantaneous and mean pressure gradients via the modified Bernoulli equation. While the peak instantaneous gradient is higher than the peak-to-peak gradient obtained invasively, the mean gradient is more comparable between Doppler ultrasound and catheterization. Direct measurements of the valve area by 2-dimensional (2D) planimetry are unreliable but can be approximated using the continuity equation. Three-dimensional echocardiography of the LVOT can overcome geometric assumptions, potentially improving the accuracy of the continuity equation. Transesophageal echocardiography is occasionally indicated in patients with poor acoustic windows to detail the LVOT and leaflet morphology and to estimate the degree of obstruction.
How to Image Congenital Left Heart Obstruction in Adults
Aortic regurgitation is a common complication of percutaneous balloon valvuloplasty and surgical reconstruction during childhood. Width and length of the regurgitation jet by color Doppler on parasternal long-axis or apical 3-or 5-chamber views, diameter of the vena contracta, pressure half-time of the regurgitation profile on continuous-wave Doppler, and presence of flow reversal in the abdominal aorta are used to gauge the severity of aortic regurgitation ( Figure 3 ).
Many patients with congenital AS experience lifelong diastolic dysfunction, even after their outflow tract obstruction has been relieved. Diastolic function assessment includes pulsed-wave Doppler profiles of the mitral valve inflow and pulmonary vein flows, myocardial deformation imaging with tissue Doppler and speckle tracking and left atrial size and function.
Right ventricular size and function and pulmonary regurgitation and right ventricular outflow tract obstruction are concerns after the Ross operation in which the patient undergoes autografting of the pulmonic valve and root into the aortic position and placement of a homograft into the pulmonic position.
It is important to recognize that there are discrepancies between how most pediatric and most adult echocardiography laboratories evaluate AS severity because these can lead to inconsistencies when patients transition from pediatric to adult congenital heart centers: first, many pediatric echocardiographers measure aortic dimensions in midsystole when the vessel is largest, whereas adult echocardiographers typically obtain measurements in diastole, when they are most reproducible. Second, the use of nonimaging continuouswave Doppler transducers is more common in adult when compared with pediatric echocardiography laboratories. The use of a nonimaging probe and imaging from the high right parasternal typically results in higher peak velocity and can reclassify AS severity in ≤20% of patients. 2 The report should specify from which window the highest gradient was obtained, and whether a blind (Pedoff) probe or an imaging transducer was used.
Cardiac Catheterization
Cardiac catheterization is usually reserved for patients who are deemed suitable candidates for percutaneous balloon valvuloplasty, transcatheter aortic valve replacement, or interventions on the right ventricular outflow tract after the Ross operation. If cardiac catheterization is performed, the aortic valve area can be estimated using the Gorlin equation or its simplification by Hakki. Aortic regurgitation severity is evaluated with aortography ( Figure 7 ).
Magnetic Resonance Imaging
CMR yields a wealth of anatomic, functional, and hemodynamic information in congenital AS. Multiphase (cine) imaging through the long axis of the LVOT in 2 orthogonal planes is used to assess the valvar, sub-, and supravalvar regions. Dephasing artifacts from turbulent flow causing streaks of signal void are appreciated on steady-state-free precession or spoiled gradient echo cine sequences and should raise suspicion of AS. However, the severity of the dephasing artifact is not suitable to estimate the degree of AS because the echo time, flip angle, and imaging plane all affect the appearance of dephasing. 3 When artifacts are severe enough to degrade the image switching from a steady-state-free precession to a spoiled gradient echo sequence can decrease the dephasing at the expense of signal:noise ratio and scan duration ( Figure 8 ). An in-plane (en-face) cine acquisition of the aortic valve delineates the valve morphology and identifies the number and symmetry of the leaflets and any coaptation defects ( Figure 9 ). Planimetry can be used to estimate the orifice area. 4 CMR with phase contrast (PC) flow velocity mapping is used to measure cardiac output and to approximate the flow velocity. If CMR is used to calculate valve gradients, it is important to place the PC slice location at the point of maximal velocity. The location of maximal velocity can be estimated by reviewing the vena contracta of the AS jet on an oblique long-axis cine view of the ascending aorta. The point of highest velocity is often ≈5 mm above the valve plane. However, even with careful slice selection, CMR typically underestimates AS gradients when compared with TTE by ≈10 mm Hg. 5 PC-CMR quantifies the degree of aortic regurgitation. However, the aortic regurgitant fraction varies greatly and unpredictably with the position of the through plane PC imaging slice: most patients with aortic regurgitation also exhibit flow turbulence across the AoV which can lead to underestimation of the anterograde flow and therefore overestimation of the regurgitation fraction.
Furthermore, some of the flow reversal that is seen in the ascending aorta may not reach the LV. Some experts recommend to quantify the systolic forward flow within the LVOT, proximal to the AS, and to obtain the regurgitant volume during diastole at the sinotubular junction. Others, including the authors, favor calculating rather than directly measuring regurgitation volume, by subtracting pulmonary blood flow from the systolic forward flow, obtained at the level of the aortic valve, provided that there is no concomitant pulmonary regurgitation. 6, 7 PC-CMR with velocity encoding in the 3 orthogonal dimensions, known as 4D PC-CMR, provides a more reliable assessment of aortic regurgitant volume and fraction because the plane of PC quantification can be freely adjusted offline, targeting the largest volumes of forward and reverse flows in systole and diastole, respectively ( Figure 10 ). 8 At the time of writing, 4D PC-CMR is not yet commercially available but is expected to become a clinical tool for the assessment of congenital AS. Many patients with congenital AS and at least 50% of all patients with BAV have a dilated aorta. Aneurysm formation is likely because of a combination of genetic predisposition and abnormal shear stress. 9 Four-dimensional PC-CMR has taught us that abnormal flow patterns, including helix formation, contribute to progressive root dilatation even in patients with nonobstructed BAV. 10 LV fibrosis has been described in patients with severe congenital AS and is detectable with late gadolinium enhancement.
11 Diffuse myocardial fibrosis, as assessed by T1 relaxometry techniques, commonly referred to as T1 mapping, is present in many children and young adults with congenital AS and has been associated with diastolic dysfunction.
12 T1 mapping reveals fibrotic remodelling which would not be detected with traditional late gadolinium enhancement techniques. However, normative values for T1 relaxometry vary considerably depending on magnetic field strength, forcing each center to generate its own reference values.
Of note, a mechanical aortic valve does not pose a contraindication to CMR. The prosthesis causes local artifacts which prevent the evaluation of the valve itself, but not of the LV or ascending aorta. However, PC measurements can be affected, and regurgitation measurements may be unreliable.
Computed Tomography
Contrast-enhanced CT angiography offers an exquisite delineation of the vascular anatomy, including the coronary artery origins and ascending aorta ( Figure 11 ). It is the gold standard for imaging aortic dissection which is a complication in patients with BAV and aortic aneurysms. CT has excellent ability to visualize leaflet anatomy, calcification, annular, and LVOT dimensions and aids in planning of transcatheter aortic valve replacement ( Figure 12 ). 13 Slice thickness should be reduced to 0.6 to 0.75 mm to obtain high-resolution isotropic voxels. Noncontrast images can be used to visualize calcium deposits within the AoV leaflets and the aorta. In recent years, CT image quality has improved without an increase and sometimes even a reduction in radiation dose. Newer iterative reconstruction techniques may be used to decrease radiation dose while maintaining high-quality cine images. 3, 14 In patients with contraindications to CMR, retrospectively gated CT angiography can be used for a multiphase acquisition used in ventricular volumetry. Although tube current modulation may reduce radiation dose, it also reduces image quality. It is important to balance the need for pristine image quality against the risk of higher radiation doses, particularly in young patients.
Coarctation of the Aorta Background
The goals of imaging patients with CoA are to evaluate the aortic isthmus for native or recurrent coarctation, assess the hemodynamic significance of obstruction, and delineate the entire aortic arch, and the head and neck vessels, exclude aortic aneurysmal disease, and assess for the presence of collateral arteries. In some patients with CoA, the transverse arch is hypoplastic which can result in residual obstruction even after focal obstruction in the distal arch has been relieved. CoA has strong associations with BAV with which it shares genetic origins.
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Echocardiography
Doppler gradients are best measured from the suprasternal or right infraclavicular windows. In obstructed aortas, a typical diastolic tail can be seen distal to the narrowing.
Color Doppler typically shows aliasing in the proximal descending aorta, and high-velocity blood flow across the isthmus by spectral Doppler indicates obstruction. The presence of collaterals bridging the stenotic segment may lead to a falsely low-velocity gradient. Similar to AS, Doppler estimates of peak instantaneous gradients overestimate the catheter-derived gradient. 15, 16 We recommend incorporating the proximal velocity into the pressure estimation because this improves agreement with invasively measured gradi-
However, in complex anatomic obstruction, TTE-derived gradients should always be considered approximations (Table 2) . 17 Therefore, it is appropriate to perform an invasive hemodynamic assessment of a native or residual CoA in patients with upper extremity hypertension, arm-leg blood pressure gradients, or florid collaterals, even in the setting of only modest echocardiographic gradients.
In patients without CoA, the abdominal aortic pulsedwave Doppler signal has a rapid upstroke, brisk downstroke, and a brief early diastolic reversal because of elastic recoil. In the setting of CoA, the upstroke is blunted, the deceleration time is prolonged, and there is continuous anterograde diastolic forward flow ( Figure 13 ). 
Magnetic Resonance Imaging
In older children and adults, the long distances between the suprasternal acoustic window and the CoA make echocardiographic imaging challenging. As a consequence, additional imaging with CT or magnetic resonance is often necessary. The anatomy of the CoA and its relationship to the arch branches is defined by CMR using bright-blood cine or black-blood sequences. Black-blood images are less affected by susceptibility artifact from adjacent metallic implants. Gadolinium-enhanced magnetic resonance angiography shows the 3D anatomy of the CoA and collateral vessels which are a marker of hemodynamic importance. Aneurysms in the midascending aorta (common in patients with concomitant BAV) or at the site of previous repair, especially in patients who underwent patch aortoplasty, are readily identified. Luminal diameters should be measured on multiplanar reformats. Three-dimensional volume-rendered images provide anatomic definition to aid in surgical or transcatheter interventions. The recent discovery of intracranial gadolinium deposition after repeated gadolinium exposure raises concerns on the safety of repeated contrast-enhanced CMR, but further research is needed to establish the magnitude and clinical significance of this finding. 19 Magnetic resonance, including angiography and black-blood imaging, is not suitable to evaluate the integrity and patency of CoA stents and we recommend CT or, if a percutaneous intervention is considered, invasive angiography for this purpose.
PC-CMR angiography provides complimentary information for the hemodynamic importance of a CoA. In-plane imaging depicts the poststenotic jet. Flow augmentation in the abdominal aorta when compared with a measurement immediately proximal to the narrowing can be used to measure the collateral blood flow. 20 Similar to the pulsed-wave Doppler signal seen by echocardiography, the flow velocity pattern in the abdominal aorta has a blunted upstroke and prolonged deceleration time in hemodynamically important obstruction. 21 For the same reasons as in AS, we caution against calculating CoA gradients from CMR peak velocities (Table 2 ). 
CT Angiography
Like CMR, CT angiography provides excellent anatomic definition of the coarctation (even within stents) and delineation of collaterals. However, because most patients, even after repair, require serial imaging, repeated exposure to ionizing radiation is unappealing.
Subaortic Stenosis Background
Fixed SAS is caused by a variety of mechanisms, including discrete fibromuscular ridge, tunnel-like narrowing, and mitral valve chordal attachments. Obstruction is often progressive and often recurs after surgical excision. Aortic valve pathology, including AS and aortic insufficiency, is common in patients with SAS and may be related to valve trauma from the high-velocity jet.
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Echocardiography
The goals of the echocardiogram are to delineate the mechanism and severity of the SAS and the morphology and function of the aortic valve. Although the membrane may seem focal, it is often circumferential on direct inspection or by 3D echocardiography. In the parasternal long-axis view, the membrane can be seen along the septal surface and often extends onto the base of anterior leaflet of the mitral valve. 24 Transesophageal echocardiography is indicated in patients with inadequate transthoracic acoustic windows and typically provides the best anatomic definition of all imaging modalities (Figure 2 ). In the presence of complex multilevel LVOT obstruction, it is important to identify the contribution from each level to the total degree of obstruction. Patients with subaortic obstruction demonstrate early aortic valve closure as opposed to the typically delayed closure in AS. Carefully 'stepping' a pulsed-wave Doppler signal through the LVOT can determine whether flow acceleration begins below or at the level of the valve.
In fixed SAS, the Doppler contour is typically rounded and symmetrical, similar to that in valvular AS, in contrast to the dagger-shaped profile seen in dynamic LVOT obstruction. 25 The high-velocity jet of SAS often causes a fluttering motion of the aortic valve leaflets shown well by M-mode echocardiography (Figure 2 ). Echocardiographic evaluation is usually sufficient to determine the mechanism and severity of SAS so invasive hemodynamics are rarely needed. Gradients are often progressive over time, warranting serial imaging in those with moderate SAS.
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Cross-Sectional Imaging
The role of CT and CMR in SAS is limited. Because discrete fibrous SAS is often thin and the region of interest may be obscured by spin-dephasing artifacts, it can be difficult to visualize, particularly on bright-blood CMR images, and the region of interest may also be obscured by spin-dephasing artifact in bright-blood cine images. T1-weighted black-blood images with 3 to 5 mm slice thickness can provide improved anatomic definition but are usually inferior to transesophageal echocardiography. Cine imaging can provide complimentary information on ventricular function, hypertrophy, and fibrosis.
Supravalvular AS Background
Supravalvular AS is usually caused by an elastin arteriopathy because of a mutation in the ELN gene on chromosome 7q11.23. Familial cases are common. 26 It is closely associated with Williams Syndrome. Other affected vessels include the pulmonary (58%), renal (45%), or the coronary arteries (45%), as well as the aortic arch and abdominal aorta. 
Echocardiography
TTE is often adequate to define the anatomy and severity of supravalvular AS. Parasternal long-axis views typically show an hourglass shape with discrete narrowing above the aortic sinuses. The minimal diameter can be obtained from 2D or M-mode images. LVOT obstruction is often complex, and transesophageal echocardiography is well suited for the comprehensive evaluation of the subvalvular region, and the aortic valve is important. Aortic valve leaflets can be tethered to the aortic ridge. Continuous-wave Doppler is used to measure the maximum instantaneous gradient across the LVOT, as described above. There may be contributions from AS and supravalvular AS to the total gradient. The Doppler profile is similar to that of SAS or valvular AS, representative of static obstruction to flow.
Cross-Sectional Imaging
For patients in whom TTE windows are inadequate, CT or CMR angiography is a useful alternative to transesophageal echocardiography for defining the level and extent of stenosis ( Figure 14 ). These techniques also provide an opportunity to evaluate other commonly involved vessels, including the pulmonary and renal arteries. Ostial narrowing of the coronary arteries is a risk factor for sudden or perioperative death. Invasive coronary angiography remains the standard method of interrogating the coronary arteries, but ECG-gated CT coronary angiography is often adequate, and transesophageal echocardiography can be used to exclude ostial stenosis. 
Background
Given the common genetic and, likely, hemodynamic origins of the various types of LHO, it is not surprising that they often occur in combination. The classic quadrad of supra-annular mitral ring, parachute mitral valve, subaortic obstruction, and coarctation described by Shone is relatively rare, but any combination of small left-sided structures is possible.
Imaging and Management
With any kind of LHO, including mitral valve obstruction, the entire left side requires investigation for signs of additional obstruction. Each additional site of narrowing needs to be interrogated in detail, as described above. Importantly, downstream obstruction by CoA can mask the hemodynamic significance of more proximal stenosis like AS. In fact, the severity of LVOT obstruction in many patients with Shone complex is not appreciated until after the arch narrowing has been relieved.
Pulmonary Hypertension Related to LHO Background
Multilevel LHO augments LV afterload, whereas valvar regurgitation increases LV preload. In concert with diminished LV compliance, both lead to an increase in LV end-diastolic pressure. As a consequence, patients with LHO are predisposed to pulmonary hypertension, which is an important determinant of early and late outcome in patients with LHO. 28 The severity of pulmonary hypertension tends to be worse in patients with LV inflow obstruction when compared with LVOT stenosis or CoA. 29 A dilated left atrium and an elevated E/e′ ratio are suggestive of elevated LV filling pressures. 30 
Conclusions
Congenital LHO is caused by multiple mechanisms which often coexist in the same patient. Even after corrective surgery recurrent obstruction, aortic regurgitation or aortic aneurysmal disease is common, and lifelong imaging surveillance is required. Echocardiography remains the first-line imaging method to delineate the anatomy and severity of LVOT obstruction. Aortic aneurysms and CoA are best evaluated by cross-sectional imaging. 
